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The correlation between heat-treatment temperature for crystallization and orientation of surface
crystalline phase, which should correspond to the intensity of second-order optical nonlinear
susceptibility, in 30BaO-15TiO2-55GeO2 BTG55 crystallized glass was examined by
measurements of x-ray diffraction XRD and second harmonic generation. A highly oriented
fresnoite Ba2TiGe2O8 or benitoite BaTiGe3O9 phase was found to nucleate from the same
mother BTG55 glass depending on the heat-treatment temperature, and both the fresnoite and
benitoite phases showed XRD patterns of surface crystallization. It was found that the crystallization
behavior of the two phases was strongly affected by the heat-treatment temperature. Based on this
finding, the nonlinear optical property has also been tailored using the heat-treatment procedures.
© 2007 American Institute of Physics. DOI: 10.1063/1.2433992
I. INTRODUCTION
Crystallized glass can be recognized as an optical hybrid
material, because it possesses both glassy and crystalline
characteristics without any temporal change. A crystallized
phase in a glass matrix permanently exhibits its unique prop-
erties of the corresponding crystals such as piezoelectricity,
fluorescence, and optical nonlinearity below its glass transi-
tion temperature Tg. A transparent crystallized glass pos-
sessing a nonlinear optical property, therefore, is a strong
candidate for active optical materials. Glass crystallizes
above the glass transition temperature via two processes; i.e.,
nucleation and crystal growth. The rates of nucleation and
crystal growth depend on the heat-treatment temperature as
well as crystalline composition. Several crystalline phases
are sometimes simultaneously created from the same mother
glass, and thus, the thermodynamic and kinetic control is
necessary in obtaining the crystallized glass with practical
functions.
Our research group has been trying to fabricate transpar-
ent crystallized glasses containing nonlinear optical crystals
for application in the optical devices.1–5 Recently, we suc-
ceeded in fabricating transparent crystallized 30BaO-
15TiO2-55GeO2 BTG55 glass containing fresnoite
Ba2TiGe2O8 crystals, 5 which showed the largest second-
order optical susceptibility from the crystallized glass matrix
ever reported, d33=24 pm/V for the best case in our experi-
ment. This d33 value is comparable to that of LiNbO3 single
crystal.5 There is, however, some complicated structure in
the crystallized phase at the surface of the BTG55 crystal-
lized glass. The benitoite phase with the composition of
BaTiGe3O9 also existed as a crystallized surface layer in the
BTG55 glass, and the amount of benitoite at the surface was
different from that in previous articles.4,5 The crystallization
temperature of fresnoite is reported to be higher than that of
benitoite.4 On the basis of the difference of the crystallization
temperatures of the two phases, selective formation of a crys-
talline phase by thermocontrol may be possible. Therefore,
the second-order optical susceptibility of the crystalline
phase can be modified by the ratio of the amount of the two
phases. The purpose of this study is to demonstrate a selec-
tive surface crystallization of a glass system by examining
the correlation between the heat-treatment temperature for
crystallization and the induced phases of the BTG55 crystal-
lized glass. The relative amount as well as the orientation of
the two crystalline phases, fresnoite and benitoite, was quan-
tified by x-ray diffraction XRD.
II. EXPERIMENT
The 30BaO-15TiO2-55GeO2 BTG55 glass was pre-
pared by a conventional melt-quenching method with start-
ing materials, BaCO3, TiO2, and GeO2. Batches were mixed
and melted in a platinum crucible in an electric furnace at
1250 °C for 20 min. Glass melt was quenched on a steel
plate at 200 °C and annealed at Tg for 30 min, and then,
mechanically polished to obtain a mirror surface. The heat-
treatments for crystallization were as follows. The glass
sample was heat treated on an alumina plate under an ambi-
ent atmosphere. The heating rate was 10 K/min from room
temperature to 600 °C and reduced to 1 K/min from 600 °C
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to the heat-treatment temperature. After a heat treatment at
the holding temperature for 3 h, the temperature of the fur-
nace was cooled down without temperature control. Since
the crystalline phase was observed at both the front side air
side and the backside alumina side of a heat-treated
sample, the backside was mechanically polished to remove
the crystalline phase completely and to obtain a mirror sur-
face. Although the crystalline phase of backside is similar to
that of the front side, the front side was used to remove the
possible effects of roughness and contamination at the inter-
face. The temperatures of glass transition Tg, crystallization
onset Tx, and crystallization peak Tp were determined by
differential thermal analysis DTA operated at a heating rate
of 10 K/min, and the crystalline phases in crystallized
glasses were identified by XRD with Cu K radiation. Sec-
ond harmonic SH intensities of crystallized glass were
evaluated by a Maker fringe technique in which Z-cut quartz
thickness 0.6 mm was used as a reference sample.4 The
crystallized side of the sample was irradiated with a yttrium
aluminum garnet YAG laser at 1064 nm. The thickness of
the crystallized layer was measured with cross-sectional ob-
servation of crystallized glass using a laser scanning micro-
scope.
The crystal structures of Ba2TiGe2O8 and BaTiGe3O9
were identified using the VICS-II software. Although the po-
sitional parameters of Ba2TiGe2O8 have reported in the pre-
vious article,6 there is no previous report on the positional
parameters or the point group concerning BaTiGe3O9. Rob-
bins reported that BaTiGe3O9 appeared to be isostructural
with BaTiGe3O9:7,8 hexagonal, P-6c2 188, a=0.68 nm, c
=1.0 nm, and Z=2.9 In the present study, the structure of the
BaTiGe3O9 crystal was treated as the same as that of
BaTiGe3O9, and a discussion of the orientation of the crys-
tallized phase was made on that assumption.
III. RESULTS AND DISCUSSION
The obtained BTG55 glass was colorless and transpar-
ent. Tg, Tx, and Tp of the BTG55 glass were determined as
667, 736, and 753 °C, respectively, by a powder DTA mea-
surement. Figure 1 shows the XRD patterns of BTG55 crys-
tallized glasses heat-treated at 690 and 720 °C both for 3 h
together with the diffraction pattern of benitoite BaTiGe3O9
JCPDS card No. 00–013–0475. Figure 1 clearly shows that
the crystallized phase from the BTG55 glass heat-treated at
690 °C for 3 h was composed of the BaTiGe3O9 phase. On
the other hand, the c-axis oriented Ba2TiGe2O8 crystallized
phase appeared in the glass heat-treated at 720 °C for 3 h.
This result seems to be slightly different from the previous
studies4,5 where the crystalline phase created in the crystal-
lized BTG55 glass heat treated at 720 °C for 3 h mainly
consisted of the fresnoite Ba2TiGe2O8 phase. Since the
crystallization behavior from the glass matrix depends on the
heat-treatment procedure, such as heating rate or holding
temperature, the accurate control is requested for the selec-
tive crystallization. In the present study, we succeeded in
fabricating the 30BaO-15TiO2-55GeO2 crystallized glass
with single BaTiGe3O9 phase, the present result shows that
selective crystallization has been performed by the control of
the heat-treatment procedure from the same BTG55 glass.
Note that the diffraction peak from 302, which is the main
of BaTiGe3O9, is hardly observed in the obtained BTG55
crystallized glass heat-treated at 690 °C. This result shows
that the surface crystallization of BaTiGe3O9, manifested in
the form of orientation of crystals, occurred similarly to the
case of the surface crystallization of Ba2TiGe2O8 with c-axis
orientation.
The ratio of the amounts of Ba2TiGe2O8 and BaTiGe3O9
can be estimated by the ratio of main diffraction peak inten-
sity of each crystalline phase, 002 for Ba2TiGe2O8 and
220 for BaTiGe3O9. Figure 2 shows the relation between
FIG. 1. XRD patterns of BTG55 crystallized glasses heat-treated at 690 and
720 °C for 3 h together with that of BaTiGe3O9.
FIG. 2. If002/ Ib220 ratio and thickness of the crystallized phase of BTG55
crystallized glasses as a function of heat-treatment temperature. A broken
line is the guide for the eye.
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heat-treatment temperature and the peak intensity ratio for
fresnoite Ba2TiGe2O8 002 and benitoite BaTiGe3O9 220;
If002/ Ib220. Both the If002/ Ib220 ratio and the thickness of the
crystalline phase increase with increasing heat-treatment
temperature. Since If002/ Ib220 increases drastically above the
heat-treatment temperature of 710 °C, it shows that the crys-
tallization rate of fresnoite is much larger than that of beni-
toite above 710 °C. The thickness of the crystalline phase
similarly increases with increasing If002/ Ib220 ratio, it follows
that the surface crystallization of BTG55 crystallized glass
was strongly affected by the fresnoite phase at higher tem-
peratures. These results demonstrate that we succeeded in
preparing the BTG55 crystallized glass with different crys-
talline phases starting from the same mother glass by con-
trolling the heat-treatment procedures.
To clarify the optical nonlinear properties in these crys-
tallized glasses, second-order optical nonlinearity was inves-
tigated by the Maker fringe technique. Figure 3 shows the
measured Maker fringe patterns of BTG55 crystallized
glasses heat-treated at 690 and 720 °C, in which the fringe
patterns were normalized by the incident laser power. The
crystallized glass heat treated at 720 °C, which possessed a
c-axis oriented Ba2TiGe2O8 phase, showed a typical oriented
fringe pattern with nonlinear optical susceptibility d33, which
was obtained to be approximately 11 pm/V. The present d33
value is comparable to the nonsurface polished crystallized
glass in the previous article.5 On the other hand, highly ori-
ented BTG55 crystallized glass heat-treated at 690 °C shows
small optical nonlinearity, because the 220 direction of
BaTiGe3O9 belonging to a hexagonal group has only small
polarization. Once crystallization occurs, the crystallite re-
mains in the glass matrix below the melting temperature of
the crystal. Since different crystalline phases bring about dif-
ferent nonlinear optical properties, the optical nonlinearity of
the surface crystallized glass can be tailored by the control of
heat-treatment temperature.
Note that the main peaks in two crystallized phases, fres-
noite 002 and benitoite 220, are characteristic diffraction
for a surface characterization. Figure 4 shows the crystal
pictures of fresnoite Ba2TiGe2O8 a and benitoite
Ba2TiGe3O9 b viewed from the direction oriented along the
002 and 220 direction, respectively. It is noted that the
barium ions constitute the atomic layer that is perpendicular
to the oriented direction in both crystals. Since barium is the
heaviest and largest ion in the present 30BaO-15TiO2-
55GeO2 glass, the diffusion coefficient of the barium ion is
assumed to be smaller than those of other ions. It follows
that the orientation of surface crystallization are most af-
fected by the barium cation. Considering the chemical com-
position of 30BaO-15TiO2-55GeO2, the chemical formula
can be written down as either 30BaO-15TiO2-30GeO2
+25GeO2, based on the stoichiometric fresnoite phase, or
15BaO-15TiO2-45GeO2+15BaO+10GeO2, stoichiometric
benitoite phase, where the stoichiometric composition of
each crystalline phase is written in italic. In the
30BaO-15TiO2-55GeO2 crystallized glass, the surplus ions
were thought to be excluded from the crystalline phase to the
glass region during the nucleation. It is speculated that the
concentration of barium ions around the benitoite crystallite
becomes higher than other glassy regions, and, as a conse-
quence, the c-oriented fresnoite could be crystallized more
easily than in other parts of the glass matrix. Since it is
reported that a fresnoite-type crystal shows higher crystal
growth rate than other crystal, such as sodium silicate,10 the
formation of the barium rich phase is necessary for homoge-
neous crystallization of the c-oriented fresnoite phase that
shows large nonlinear optical susceptibility. The selective
and homogeneous crystallization of benitoite phase, there-
FIG. 3. Maker fringe patterns of BTG55 crystallized glass heat-treated for 3
h at 690 and 720 °C.
FIG. 4. Color Crystal picture of fresnoite 002 direction a and plausible
crystal structure of benitoite 220 direction b.
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fore, has a great significance for the possibility of tailored
crystallization.
IV. CONCLUSION
The crystallization behavior of 30BaO-15TiO2-55GeO2
BTG55 transparent crystallized glass was discussed based
on the results of XRD and Maker fringe patterns. An oriented
single benitoite BaTiGe3O9 phase, which showed much
smaller optical nonlinearity than the fresnoite Ba2TiGe2O8
phase, was obtained by the accurate heat-treatment condi-
tion. It is speculated that two crystallized phases correlated
via barium layered oriented structure, and that the control of
the crystallization behavior between different crystal phases
can be realized. The present results showed the guideline for
the BTG55 crystallized glass with a large nonlinear optical
susceptibility, originated from the designed crystallized
structure.
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